Considering the importance of blast, caused by Pyricularia oryzae, to reduce wheat yield, this study investigate how silicon (Si) could reduce the wheat blast symptoms in the rachis tissues using light microscopy and scanning electron microscopy. Wheat plants (cv. BR 18) were grown in hydroponic culture with either 0 (-Si) or 2 mM (+Si) of Si. Blast symptoms were very well developed on the spikes of the -Si plants, which showed intense discoloration in contrast with the spikes of the +Si plants. At 72 hours after inoculation (hai), fungal hyphae extensively colonized the epidermis and the collenchyma tissue in the radial direction in the rachis of the -Si plants. In the +Si plants, fungal hyphae colonized the epidermis and the collenchyma cells to a lesser extent than in the -Si plants. At 96 hai, fungal hyphae were observed in the epidermis, vascular bundles and cortical tissue in the rachis node of the -Si plants. In the +Si plants, a phenolic-like material was detected in the parenchyma with lower fungal colonization in comparison with the -Si plants. In scanning electron microscopy, fungal hyphae were scarcely observed in the upper epidermal, collenchyma and parenchyma cells in the rachis tissue of the +Si plants, whereas in the rachis tissue of the -Si plants, fungal hyphae extensively colonized the epidermis, collenchyma, parenchyma and vascular bundles.
INTRODUCTION
Among the diseases affecting the yield of wheat (Triticum aestivum L.) in Brazil, blast, caused by the hemibiotrophic fungus Pyricularia oryzae (Cooke) Sacc., is of the greatest importance. On the leaves, the symptoms of blast begin as gray-green, water-soaked lesions with dark green borders that become light tan in color with necrotic borders (Igarashi et al., 1986) . Gray-brown lesions are often observed on spikes and spikelets (Goulart et al., 2007) . Spike tip death and bright black spots on the rachis are often observed. The occurrence of gray-brown lesions on the spikes and spikelets significantly contributes to yield reduction due to low levels of nutrient translocation to the grains (Goulart et al., 2007) .
Blast has been controlled through treatment of seeds with fungicides, the application of systemic fungicides at different plant growth stages, and the use of cultivars with high levels of resistance (Goulart et al., 2007) . However, new alternative methods for disease control are necessary to avoid the yield losses that are caused by this disease worldwide. In light of these concerns, silicon (Si) shows promise as an environmentally friendly choice.
Although Si is not considered an essential nutrient for plants, it has been important in reducing the intensities of diseases in many economically important crops, such as banana, barley, beans, cucumber, oats, rice and wheat (Bélanger et al., 2003; Dallagnol et al., 2009; Fortunato et al., 2012 Fortunato et al., , 2014 Polanco et al., 2012; Xavier et al., 2011) . Xavier et al. (2011) showed that the incubation period of blast on the leaves of wheat plants increased with the use of Si, whereas the area under the blast progress curve and the number of lesions per cm 2 of leaf area significantly decreased. The authors reported that high concentrations of lignin-thioglycolic acid derivatives and high activities of chitinases and peroxidases contributed to the increase in wheat resistance to blast. The supply of Si contributed to a decrease in blast severity, in addition to improving gas exchange performance and decreasing dysfunction at the photochemical level of the Si-supplied plants (Perez et al., 2014) .
To date, information in the literature regarding the effect of Si on the colonization process of P. oryzae in the rachis tissue of wheat is lacking. Therefore, the primary goal of the present study was to determine, at the microscopic level, whether Si could potentiate rachis resistance to fungus colonization.
MATERIALS AND METHODS

Nutrient solution preparation
The nutrient solution used in this study was prepared following Hoagland & Arnon (1950) (Ma et al., 2002) . The Si rates used were 0 or 2 mM. The addition of monosilicic acid to the nutrient solution did not alter the pH.
Plant growth
Wheat seeds from cultivar BR-18 were surface sterilized in 10% (v v -1 ) NaOCl for 1.5 min, rinsed in sterilized water for 3 min and germinated on distilled water-soaked germitest paper (Fisher Scientific Co., Pittsburgh, PA) in a germination chamber at 25 °C for six days. Germinated seedlings were transferred to plastic containers with the nutrient solution at one-half-strength and without the presence of Si for two days. After this period, the plants were transferred to new plastic with 5 L of nutrient solution prepared with or without Si. The nutrient solution, without aeration, was changed every three days. The pH was checked daily and maintained at approximately 5.5 using NaOH or HCl (1 M) when needed.
Inoculation procedure
An isolate of P. oryzae (UFV Po-1) obtained from the leaves of wheat plants grown at the Experimental Station of the Crop Science Department at Viçosa Federal University was used to inoculate the plants. This isolate was preserved in glass vials containing autoclaved barley seeds (Urashima & Kato 1994) . Infected seeds were transferred to Petri dishes containing potato-dextrose-agar (PDA) media. After 3 days, PDA plugs containing fungal mycelia were transferred to new Petri dishes containing oat-agar media. These Petri dishes were placed in a growth chamber at 25 °C with a 12-h photoperiod for 10 days. The mycelia that were producing conidia were carefully removed from the Petri dishes with a brush to obtain a suspension of conidia. The plants at growth stage 65 (Zadoks et al., 1974) were inoculated with a 10 5 conidia mL -1 suspension of P. oryzae. Gelatin (1%, wt vol -1 ) was added to the sterile water to aid conidial adhesion to the leaf blades. A volume of 20 ml of the suspension was applied as a fine mist to the adaxial leaf blades of each plant until runoff, using a VL Airbrush atomizer (Paasche Airbrush Co., Chicago, IL). Following this, the plants were transferred to a mist chamber at 25±2 °C with a relative humidity of approximately 90±2% and were subjected to an initial 24-h dark period. After inoculation, the plants were maintained in a plastic mist growth chamber (MGC) inside a greenhouse for the duration of the experiments. The MGC was constructed of wood (2 m wide, 1.5 m high and 5 m long) and covered with transparent plastic (100 µm thick). The maximum natural photon flux density at plant canopy height was approximately 700 µmol m -2 s -1
, and the temperature was 25±2 °C (day) and 20±2 °C (night). The relative humidity was maintained at 92±3% using a misting system in which the nozzles (model NEB-100, KGF Co., São Paulo, Brazil) sprayed mist every 30 min for 15 s above the plant canopy. The temperature and relative humidity were measured using a thermo-hygrograph (TH-508, Impac, São Paulo, SP, Brazil).
Processing the infected rachis tissue for microscopic studies
The rachis and node fragments (approximately 5 mm²) with visual symptoms of blast were collected at 72, 96, 120 and 168 hours after inoculation (hai). The fragments were placed in glass vials containing 15 mL of fixative (2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.2) and stored at 4 °C for one week (Rodrigues et al., 2003) .
Light microscopy
A total of 15 rachis fragments and 10 rachis node per treatment by collection time were carefully washed with 0.1 M sodium cacodylate buffer, subsequently dehydrated through a graded alcohol series (10, 30, 50, 70, 85, 95 and 100%) and embedded in methacrylate resin (Historesin, Leica, Nussloch, Heidelberg, Germany) (Rodrigues et al., 2003) . A total of four blocks containing two rachis fragments were obtained for each treatment at each sampling time. Cross-sections that were 5 mm² thick, obtained using a rotary microtome auto-advance model RM 2255 (Leica Microsystems Inc., Deerfield, IL, EUA), were stained with 0.05% toluidine blue (pH 4.7). A total of 25 semi-fine cuts were obtained per block, which were randomly distributed onto glass slides. The semi-fine sections were observed in a Carl Zeiss Axio Imager A1 microscope (Carl Zeiss, Germany), and the images were acquired digitally (Axio Cam HR, Carl Zeiss) and further processed with Axion Vision 4.8.1.
Processing of rachis samples for scanning electron microscopy (SEM)
A total of 10 rachis fragments per treatment by collection time were carefully washed with sodium cacodylate buffer (0.1 M) and post-fixed with 1% osmium tetroxide in 0.1 M sodium cacodylate buffer (pH 7.2) for 2 h at room temperature (Rodrigues et al., 2003) . The fragments were washed with the same buffer for 10 min four times and dehydrated in an ethanol series. After dehydration, the fragments were subjected to a Critical Point Dryer (CPD 020 Model, Bal-Tec, Balzers, Liechtenstein). The fragments were mounted on metal stubs with the aid of aluminum double-sided tape and coated with colloidal gold in a Sputter Coater apparatus coupled with a Freeze Drying Unit (FDU010 Model, Bal-Tec, Balzers, Liechtenstein). The fragments were examined using SEM (Leo 1430 VP Model, Zeiss, Cambridge, UK), operating at 10 kV.
Experimental design
The experiment consisting of the two Si treatments (referred to as -Si and +Si plants) was arranged in a completely randomized design with ten replications. The experiment was repeated once. Each experimental unit consisted of one plastic plot with two plants.
RESULTS
Disease assessement
The blast symptoms were very well developed on the spikes of the -Si plants, which showed intense discoloration and awns at a 45° angle (Figure 1a,c) . In contrast, the spikes of the +Si plants showed greenish coloration and elliptical lesions with light brown color in the borders and gray centers (Figure 1b,d) . 
Light microscopy observations
Rachis colonization by P. oryzae At 72 hai, fungal hyphae reached the rachis from its node and spread upward and downward along the rachis of the -Si and +Si plants (Figure 2) . Fungal hyphae grew intra-and intercellularly in the vascular bundles and in the cortical and pith parenchyma tissue of the rachis of the -Si and +Si plants; however, the distribution of the fungal hyphae in the rachis was not uniform (Figure 2a-h) . Fungal hyphae extensively colonized the epidermis and the collenchyma tissue in the radial direction in the rachis of the -Si plants (Figure 2a-d) . In the +Si plants, fungal hyphae colonized the epidermis and the collenchyma cells (Figure 2e-h) to a lesser extent than in the -Si plants (Figure 2a-d) . The deposition of phenolic compounds was observed only for the +Si plants (Figure 2g ). In the vascular bundles, fungal hyphae were detected in the xylem vessels, phloem sieves and cortical and pith parenchyma cells of the -Si and +Si plants (Figure 2c-f-g-h) .
Colonization of rachis nodes by P. oryzae
Fungal hyphae were observed in the epidermis, vascular bundles and cortical tissue in the rachis nodes of the -Si plants at 96 hai (Figure 3a,b) . In the vascular bundles, fungal hyphae colonized both vertical and horizontally into the xylem vessels, phloem sieves and cortical and pith parenchyma cells of the -Si plants (Figure 3a,b) . In the cortical parenchyma tissue outside the vascular bundles, fungal hyphae grew both inter-and intracellularly and were able to cross the host cell wall (Figure 3a,b) . In the +Si plants, fungal hyphae intensively colonized the epidermis and cortical parenchyma (Figure 3c,d) , with less colonization of the xylem and phloem vessels (Figure 3d ). In the rachis nodes of the +Si plants, many fungal hyphae were trapped by phenolic-like material (Figure 3c,d) . 
Scanning electron microscopic observations of rachis colonization by P. oryzae
In the rachis tissue of the -Si plants, fungal hyphae massively colonized the epidermis, collenchyma, cortical and pith parenchyma and vascular bundle at 96 hai (Figure 4a ). In contrast, fungal hyphae were scarcely seem in the upper epidermal, collenchyma and cortical parenchyma cells in the rachis tissue of the +Si plants at 96 hai (Figure 4b ). Fungal hyphae intensively colonized the xylem, phloem and parenchyma tissues of the -Si plants at 120 hai (Figure 4c ). Fungal hyphae were also observed in the epidermis, collenchyma and cortical and pith parenchyma tissues of the +Si plants (Figure 4d) . At 168 hai, fungal hyphae extensively colonized the xylem vessels (Figure 4e) , the epidermis and the parenchyma tissues (Figure 4g ) of the -Si plants. In the +Si plants, fungal hyphae were observed to a great extent in the phloem sieves (Figure 4f ) but to a lesser extent in the parenchyma tissue (Figure 4h ). Fungal hyphae grew both intra-and intercellularly in the vascular bundles and in the cortical parenchyma tissue of the rachis of the -Si and +Si plants.
DISCUSSION
To the best of the authors' knowledge, this study provides the first microscopic evidence of a reduction in P. oryzae colonization in the rachis of wheat plants supplied with Si, where blast symptoms often occur under field conditions. Massive wheat yield losses due to blast occur when P. oryzae infects the rachis at the base of the spike, thereby limiting grain development and filling in addition to destroying the spikes completely (Goulart et al., 2007; Kohli et al., 2011) . The ability of Si to decrease the intensities of several diseases on many crops is well known (Datnoff et al., 2007) , including blast on wheat Perez et al., 2014; Rios et al., 2014; Sousa et al., 2013; Xavier et al., 2011) . In rice, Datnoff et al. (1991) found reductions in both incidence and severity of neck blast on the panicles of rice plants growing in a Si-deficient Histosol amended with calcium silicate. A 40% reduction in the incidence of neck blast on the panicles of rice plants supplied with Si was also reported by Seebold et al. (2004) . These findings are in accordance with the results from the present study investigating wheat blast in which Si demonstrated great potential to decrease blast symptoms on the spikes (a visual effect) as well as on the rachis (a microscopic level observation).
A more pronounced colonization of P. oryzae in the rachis and rachis nodes of the -Si plants, possibly due to the abundance of nutrients, can greatly compromise grain filling considering the pivotal role of the rachis nodes in wheat yield. The rachis node region is rich in vascular bundles, which are responsible for nutrient and water translocation to grains to guarantee better filling. According to Goulart et al. (2007) , the economic importance of wheat blast is due to yield reduction and grain quality; when infected, grains become wrinkled, small, deformed and of low weight. These authors noted that many infected spikes occurred below the strangulation of the rachis that contributed to the reduction in the number of grains and their size, in addition to the discoloration of the spikes (Goulart et al., 2007) . In the present study, it was verified reduction on blast symptoms and fungal colonization in wheat rachis of +Si plants.
The cytological and molecular effects of Si in rice genetically defined as incompatible (resistant) or compatible (susceptible with no major resistance genes) in interaction with Pyricularia grisea were studied by Rodrigues et al. (2005) and corroborate with the results of present study. The authors verified large accumulations of glucanase, peroxidase and PR-1 transcripts that were associated with limited fungal colonization in the epidermal cells of rice plants of the susceptible cultivar when supplied with Si. In contrast, the resistant cultivar responded to an avirulent race of P. oryzae through the development of a hypersensitive response along with a strong induction of PR-1 and peroxidase transcripts, independent of Si amendment. In another study, Rodrigues et al. (2003) found the accumulation of amorphous material in the leaf tissue of rice plants supplied with Si and infected with P. oryzae, which resulted in the reduction of the extent of fungal colonization. In contrast, in the leaf tissue of plants not supplied with Si, P. oryzae grew actively and colonized many epidermal and mesophyll cells. The occurrence of empty fungal hyphae surrounded or trapped in amorphous material in the leaf tissue of plants supplied with Si suggested that phenolic-like compounds or phytoalexins played a primary role in the rice defense response against infection by M. grisea (Rodrigues et al., 2003) . Similar results were observed in the present study. Phenolic compounds were observed to a greater extent in the +Si plants contributing, therefore, to reduce fungal colonization.
The silicon efficiency in reduce de blast severity also was observed by Sousa et al. (2013) that examined the cytological events occurring during the infectious process of P. oryzae on the leaves of wheat plants not supplied (-Si) or supplied (+Si) with Si. And observed that the high foliar Si concentration in the +Si plants contributed to a decrease in the blast symptoms. The hyphae of P. oryzae grew successfully and formed an extensively branched mycelium in the first-invaded epidermal cell and invaded several neighboring cells on the -Si plants, whereas on the +Si plants, the fungal hyphae were restricted to the first-invaded epidermal cell. Furthermore, the number of brown adaxial epidermal cells and their intensity of browning were significantly lower for the +Si plants, and the frequency of appressorial sites with a type B reaction was less for the +Si plants than for the -Si plants from 72 to 96 hours (Sousa et al., 2013) . These results in wheat leaves corroborate with the data from the study using rachis, which also found intense fungal colonization from 72 hai in the -Si plants.
CONCLUSION
This study provides novel microscopic evidence that Si was able to increase rachis resistance against P. oryzae infection, and lends support to other studies of the effect of supplying Si to enhance wheat resistance to foliar pathogens. These results are of particular importance considering the key physiological role played by these parts of the wheat inflorescence in achieving increased yield.
